Synthetic oligodeoxynucleotide probes based on the known amino acid sequence of Rhodobacter sphaeroides Y thioredoxin were used to identify, clone, and sequence the structural gene. The amino acid sequence derived from the DNA sequence of the R. sphaeroides gene was identical to the known amino acid sequence of R. sphaeroides thioredoxin. An Ncol site was created by directed mutagenesis at the beginning of the thioredoxin gene, inducing in the encoded protein the replacement of serine in position 2 by alanine. The 421-base-pair NcoI-PstI restriction fragment obtained was ligated in the pKK233-2 expression vector and the resulting hybrid plasmid was used to transform Escherichia coli strains lacking functional thioredoxin. Transformants that complemented mutations in the trxA gene were identified by increased colony size on rich medium, growth on minimal medium with methionine sulfoxide, and ability to support M13 growth and T7 replication; this latter phenotype implies correct interaction between R. sphaeroides thioredoxin and the product of T7 gene 5. The presence of R. sphaeroides thioredoxin was further confirmed by enzyme assay.
Thioredoxin is a small, ubiquitous, heat-stable protein with two redox-active half-cystine residues in an exposed active center with the amino acid sequence Trp-Cys-GlyPro-Cys. This protein functions as a general protein disulfide reductase in a number of oxidation-reduction reactions involving dithiol-disulfide exchanges. Thioredoxin has been isolated from many sources and has been found to participate in a variety of biological reactions in procaryotic and eucaryotic cells. The oxidized form is generally reduced by NADPH and thioredoxin reductase. Reduced thioredoxin was originally isolated from Escherichia coli as an in vitro hydrogen donor for ribonucleotide reductase (18) . Enzymes that reduce sulfate and methionine sulfoxide also use thioredoxin as a hydrogen donor. Furthermore, thioredoxin was found to be implicated in regulation of enzyme activity by thiol redox control (see references 11 and 13 for reviews). Recently, an important immunological role for thioredoxin in human lymphocytes has been suspected in view of the purification of human thioredoxin from an Epstein-Barr virus B-cell line and the cloning and sequencing of the corresponding cDNA (35) . Thioredoxin is also required for bacteriophage T7 growth and has been shown to be an essential subunit of phage DNA polymerase (24) . Similarly, the assembly of the filamentous phages fl and M13 requires the Fip protein, which is identical to thioredoxin (22, 27) .
Thioredoxin has been isolated from many procaryotic and eucaryotic photosynthetic organisms. The complete thioredoxin system (containing thioredoxin associated with NADPH-thioredoxin reductase) in photosynthetic procaryotes was first purified and characterized in the facultative phototroph Rhodobacter sphaeroides Y (5).
R. sphaeroides is a nonsulfur purple bacterium which can grow anaerobically in light and aerobically in both light and dark. Hence, R. sphaeroides provides a model system for the study of photosynthesis and membrane development. Light intensity and molecular oxygen are the most prominent environmental factors that influence the synthesis of * Corresponding author.
bacteriochlorophyll membrane structures in growing photosynthetic bacteria. The thioredoxin system in R. sphaeroides Y seems to be implicated in oxygen regulation of bacteriochlorophyll synthesis by thiol redox control of the activity of 5-aminolevulinic acid synthetase (EC 2.3.1.37), the first enzyme that occurs in bacteriochlorophyll synthesis. R. sphaeroides Y thioredoxin has been shown to activate purified preparations of this enzyme (4) . As a first step toward the understanding of an important aspect of this regulation, the amino acid sequence of R. sphaeroides Y thioredoxin and a three-dimensional model derived from the E. coli crystallographic structure have been previously reported (6) .
In this study, we used synthetic oligodeoxynucleotide probes based on the known amino acid sequence to identify and clone the R. sphaeroides Y thioredoxin structural gene trxA from a genomic library of this bacterium. plaque hybridization with oligonucleotide probes SP1 and SP2. One plaque displayed a positive signal with both probes. The corresponding recombinant phage, X Dl, was picked, eluted, and plated for purification by secondary plaque hybridization. After amplification, the phage was harvested by elution. X Dl recombinant clone DNA was purified on a CsCl gradient, extracted, and digested by restriction endonucleases EcoRI, HindIII, PstI, and BamHI. The Southern hybridization blot pattern of A Dl DNA with oligonucleotide probe SP1 is shown in Fig. 1B (Fig. 2) . Primer extension of oligonucleotide SP1 provided the sequence of the 5' region of the gene, from which another oligonucleotide (SP3) was synthesized to isolate the complementary template designated M13UTC3-2 (the first template was previously designated M13UTC3-1) and sequence the opposite strand. As sequencing progressed, new oligonucleotides and the universal 17-mer primers were used to obtain the complete gene sequence. The nucleotide sequence determined in this way from both strands and the corresponding deduced amino acid sequence are shown in Fig. 3 . The genomic sequence confirms the amino acid sequence previously reported (6) and removes the ambiguity about amino acid 63, which is glutamic acid and not glutamine. 1S0  200  TGC GGC CCC TGC CGG CAG ATC GGC CC GCG CTC GAG GG CTC TCG AM GMA  GCC GGC AAG rho-independent transcription termination signal. A possible second stem-and-loop structure (AG, -10.4 Kcal) is located upstream at position 382.
The R. sphaeroides thioredoxin gene displays highly selective codon usage. For example, of the six leucine codons, only two are used; of the four glycine codons, the GGC codon is preferentially used; and for isoleucine the ATC codon is used exclusively. The third position is occupied by G or C in more than 90% of the total codons. Overall, the G+C content is 66%. This result is comparable to the base composition of R. sphaeroides chromosomal DNA, which displays 69% G+C (33) .
Cloning in an expression vector. pKK233-2 is an E. coli gene expression plasmid with a trc promoter and an ATG translation initiation codon within a unique NcoI restriction site 8 bases downstream of an AGGA Shine-Dalgarno sequence. The presence of an NcoI site at this position allows for direct insertion of a gene into this vector at an optimal distance from the trc promoter and in the correct reading frame (1). To insert the trxA gene directly in phase with the vector promoter, an NcoI restriction site had to be created by directed mutagenesis. Three nucleotides had to be changed at positions 55, 56, and 60 (Fig. 3) to obtain an NcoI site at the ATG initiation codon. The mutation at position 60 induced the replacement of Ser in position 2 by Ala in the encoded protein. The mutagenic oligonucleotide SPNCO, containing the desired mismatch relative to the cloned DNA, was annealed to the uracil-containing DNA M13UTC3-1 template. Of 12 plaques tested by DNA sequencing, 4 were found to be mutated; no other mutation was observed. After purification, a 421-base-pair (bp) restriction fragment of the mutagenized double-stranded M13UTC3-1N DNA was ligated into vector pKK233-2 (Fig. 4) . Eight plasmids extracted from Ampr transformants of strain MV1190 gave a positive signal when hybridized with 32P-labeled oligonucleotide probe SP7. Restriction enzyme analysis of one of the plasmids (pUTC3) showed that it was inserted in the correct orientation with regard to the trc promoter. This hybrid plasmid was used to transform E. coli trxA2 mutant strains BH216 and BH216F'.
R. sphaeroides thioredoxin assay and biological tests with E. coli. The assay of thioredoxin from crude cell extracts used the cross-reactivity of R. sphaeroides thioredoxin with E. coli NADPH-thioredoxin reductase (7) , and similarly, thioredoxin from E. coli SH250 (trxA+) was R. sphaeroides NADPH-thioredoxin reductase (Table 1 ). In the reaction involving crude extract from the BH216 (pUTC3) transformant clone, the specific activity of thioredoxin was higher when R. sphaeroides rather than E. coli thioredoxin reductase was used, thus indicating the presence of R. sphaeroides thioredoxin encoded by plasmid pUTC3 bearing the R. sphaeroides trxA gene. The activity of this protein did not seem to be altered by replacement of Ser in position 2 by Ala, as the ratio of the activities assayed with the two different thioredoxin reductases was in good agree- ment with the ratio expected from the kinetic constants measured in cross-reactivity tests with the pure proteins (7). The nonspecific background reaction was represented by a reaction involving thioredoxin-deficient E. coli BH216 with either E. coli or R. sphaeroides thioredoxin reductase.
To determine whether R. sphaeroides thioredoxin can function in vivo in E. coli cells, we tested the complementation of several phenotypes in thioredoxin-deficient mutants. BH216(pUTC3) clones exhibited a larger colony size than the trxA-carrying parent on LB medium and, furthermore, grew as well as wild-type strain MV1190 with 30 ,ug of methionine sulfoxide per ml as the methionine source on minimal M9 medium, whereas trxA metE46-carrying parent strain BH216 was unable to use methionine sulfoxide (28) . The latter result showed that R. sphaeroides thioredoxin functions as a cofactor for E. coli methionine sulfoxide reductase in vivo. Unlike BH216, transformed strain BH216(pUTC3) was able to support T7 phage replication as well as was wild-type strain MV1190, indicating that R. sphaeroides thioredoxin is able to serve as a subunit for the gene 5 protein to produce active T7 DNA polymerase. Similarly, filamentous phage M13mpl8 was able to grow on BH216F'(pUTC3), although the plaques formed were more turbid than on a strain with E. coli thioredoxin. Thus, R. sphaeroides thioredoxin can replace E. coli thioredoxin in the phage assembly process.
DISCUSSION
We have identified the R. sphaeroides Y thioredoxin gene by using synthetic oligodeoxynucleotides based on the known acid sequence as hybridization probes from a genomic library of R. sphaeroides Y. Successful cloning was confirmed by both DNA sequence analysis and in vivo expression of thioredoxin in E. coli. Synthetic oligodeoxynucleotides have also been used to isolate some R. sphaeroides gene, such as the R. sphaeroides 2.4.1 cytochrome c2 gene (9) and the genes that encode the B800-850 lightharvesting complex of R. sphaeroides (2, 16) . Codons used in the R. sphaeroides trxA gene compare well to those in other R. sphaeroides genes that have been previously sequenced (2, 9, 15, 16) . Generally, there is preferentially a G or a C in position 3 (and in other positions for amino acids with six codons), in agreement with the G+C content of the R. sphaeroides genome. The proportion of infrequently used codons based on the codon usage of E. coli is 32% for the R. sphaeroides trxA gene, whereas it is 11% for the E. coli gene. It can be suggested that the choice of optimal or nonoptimal codons in R. sphaeroides may be different from that in E. coli. Nevertheless, the coding sequences of E. coli and R. sphaeroides trxA genes display 60% homology, leading to 49% amino acid sequence identity (of 105 residues) when the alignment is centered on the active-site disulfide (6) . This result, with additional amino acid comparison with other thioredoxins, lends support to the suggestion of Lim et al. (21) that thioredoxins have evolved from the same ancestral gene.
A thioredoxin assay based on the cross-reactivity of R. sphaeroides thioredoxin with E. coli thioredoxin reductase confirmed the expression of recombinant plasmid pUTC3. Crude extract from a BH216(pUTC3) transformant clone showed a twofold increase of specific activity when the reaction involved R. sphaeroides thioredoxin reductase in place of the E. coli enzyme. In contrast, crude extract from E. coli SH250 (trxA+) showed a sevenfold increase of specific activity when E. coli thioredoxin reductase was used in place of the R. sphaeroides enzyme. This latter result is comparable to that obtained with pure thioredoxin (7) . Thus, detection of thioredoxin activity with both thioredoxin reductases is a good assay to evaluate the amount of expressed R. sphaeroides protein in a transformant clone (Table 1) .
Since plasmid extraction of expression vector pKK233-2, which bears the R. sphaeroides trxA gene inserted in reverse orientation produced a higher amount of plasmid DNA than extraction of the vector with the trxA gene in the correct orientation with the trc promoter (data not shown), it can be suggested that strains or plasmids in which R. sphaeroides trxA is expressed are unstable. Attempts will be made to stabilize strains containing the R. sphaeroides trxA gene on an expression vector. Derivatives of a trxA-carrying E. coli strain containing the R. sphaeroides Y gene appear to carry trxA+ for all of the phenotypes observed. Although in the cloned R. sphaeroides Y thioredoxin the Ser in position 2 is replaced by Ala, the activity of the protein appears to be unchanged. Unlike Anabaena sp. strain PCC7119 and Corynebacterium nephridii C-2 thioredoxins expressed from plasmids introduced into a trxA-carrying E. coli strain, R. sphaeroides thioredoxin can support the growth of phage T7 in strain BH216(pUTC3). Thioredoxin is an essential subunit of phage T7 DNA polymerase (24) . By binding to gene 5 protein of phage T7, thioredoxin acts as an accessory protein and confers processibility on the polymerizing reaction (32). Eklund et al. (10) have identified a "molecular surface area" that, as they suggest, forms the binding surface for interactions between thioredoxin and other proteins. This area is composed of three regions around residues 33 and 34, 74 to 76, and 91 to 93. Mutants have been described which failed to support filamentous phage assembly and T7 growth (14, 28) . The location of these mutations at or adjacent to the residues identified by Eklund et al. (10) suggests that this surface area is critical for thioredoxin interaction with the gene 5 protein (14) . Comparison of the amino acid sequence of R. sphaeroides thioredoxin with other known thioredoxin sequences (19) (20) (21) 34) shows that, at the position corresponding to residue 74 of E. coli thioredoxin, Anabaena PCC7119 and C. nephridii C-2 have Ser and Asn, respectively, whereas both E. coli and R. sphaeroides have a Gly residue. Moreover, residues 73 to 76 are identical in the R. sphaeroides and E. coli thioredoxins. Since both thioredoxins can also support T7 replication, it can be proposed that this surface region, particularly residue Gly-74, is important in the interaction between the gene 5 protein and thioredoxin.
For understanding of the role of thioredoxin in the oxygen regulation of bacteriochlorophyll synthesis, gene cloning will allow, through mutagenesis, in vivo investigations of this protein in the photosynthetic bacterium R. sphaeroides.
